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Abstract 
Mass spectrometric detection of neutral surface particles re-
leased by ion bombardment has become an important method 
for surface and depth profile analysis . Its fundamental difference 
to secondary ion mass spectrometry SIMS is the separation of 
the formation of the analyzed particles and their ionization. 
Hence , matrix and selectivity effects influencing SIMS signals 
in a mostly unknown manner via the ionization process in secon-
dary ion emission are avoided in general. 
The different techniques being presently employed for the 
necessary postionization of the sputtered neutrals are reviewed 
and discussed with respect to their potentialities . Secondary 
Neutral Mass Spectrometry (SNMS) using efficient postioniza-
tion by the electron component of a special tow pressure high 
frequency plasma is the presently most elaborated technique . 
The quantifiability of SNMS signals is discussed and illustrated 
by various examples. Depth resolution in the subnanometer range 
is shown to be obtained with the direct bombardment mode of 
SNMS in which the sample is bombarded with noble gas ions 
from the SNMS-plasma at energie s in the order of only 102 eV. 
Key words: Secondary Neutral Mass Spectrometry, surface and 
depth profile analysis, postionization of sputtered neutral particles. 
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Why to Use Sputtered Neutrals for Materials Analysis 
Since positively or negatively charged ions ejected from an 
ion bombarded solid are immediately available for their mass 
spectrometric identification , Secondary Ion Mass Spectrometry 
SIMS is widely employed as a sensitive technique for surface 
or in-depth analysis. One of the most attractive features of SIMS 
is its excellent detection sensitivity ranging down to the sub-
ppm-regime. Such high detection sensitivities are based on a 
high collection efficiency for the generated secondary ions. In 
recent , highly sophisticated SIMS instruments a large fraction 
of the ejected secondary ions (SI) are extracted into the entrance 
optics of the mass spectrometer , irrespective of the direction 
in which an individual SI leaves the sample surface. For SIMS 
instrument s with doubly focussing mass spectrometers "useful 
yields" in the order of 10- 3 detected SI per ejected ion are 
achievable . For a recent review of the instrumentation and the 
actual applications of SIMS see Benninghoven et al. , 1986. 
The formation of secondary ions (SI) is characterized by the 
fact that the ejection and the ionization processes are tightly cou-
pled. The yield of positively or negatively charged SI of a species 
Xis given by Yt, - =Y,at -- . Yt-- is connected with the for-
mation of the particles X via the corresponding partial sputter-
ing yield Y,. a:-- describes the probability for the particle X 
to leave the surface as an ion . In general , both quantities de-
pend on the composition of the surface , and are averaging over 
the local chemical conditions at the individual ejection sites. 
For a quantitative SIMS analysis of an unknown surface , major 
problems arise from the fact that at,- is mostly an unknown 
function not only of the surface concentration c, of X but also 
of the concentrations of other surface constituents. Such in-
fluences are only understood in a few cases (see e.g. Oechsner 
and Sroubek , 1983). As an exception from this complex situa-
tion, at ,- is constant for small concentrations of X in a sur-
rounding matrix , i.e., when the SI formation occurs always under 
identical conditions . As another possibility, comparable chemical 
conditions can be established , e.g ., by oxidizing the analyzed 
area , which means that the chemical nature of the sample sur-
face to be analyzed is changed drastically. This measure simul-
taneously gives rise for a strong increase of SI yields (Storms 
et al. , 11J77). 
The problems encountered with SIMS for samples with un-
known or strongly varying composition are circumvented when 
sputtered ( or "secondary") neutral particles leaving an ion 
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bombarded sample are used for the analytical task . Then , con-
trary to SIMS, the formation and the ionization processes of 
the analyzed particles are decoupled by postionizing the ejected 
neutral particles by an appropriate experimental technique , and 
a;t, - has to be replaced by the postionization probability a~ 
which for a certain species X is expected to be a characteristic 
constant of the analytical instrument. Hence , the signals ob-
tained by Secondary Neutral Mass Spectrometry SNMS should 
vary proportionally only to the variations of the partial sputter-
ing yield Y x which in turn is in most cases straight-forward cor-
related with the concentration of X in the sample. The applica-
tion of SNMS is favoured additionally, as the sputtered particle 
flux consists almost exclusively of neutrals with SI-fractions in 
the order of 10- 4 or less. Only for highly oxidized or eventually 
cesiated surfaces the SI contribution, and hence a;t ,-, amounts 
to several 10- 2 which is, however, still considerably below the 
neutral fraction of the particle flux from an ion bombarded sur-
face. High secondary ion yields with a;t ,- in the order of 1 
are found for ionic crystals, as for instance alkali halides 
(Campell and Cooper , 1972). As certain fractions of sputtered 
neutral particles may be ejected in excited states (Tsong and 
Yusuf, 1978), a~ and hence Secondary Neutral Mass Spectro-
metry SNMS has been suspected to be also matrix dependent 
(Schou and Hofer, 1982). Corresponding interferences, however, 
can be avoided when the postionization of the sputtered neutrals 
is performed after excited particles have returned into their 
ground states during a sufficiently long traveling time along a 
distance of several mm (Tolk et al., 1973). 
The influence of matrix effects in SIMS has been demonstrated 
directly by comparative in-situ SNMS and SIMS measurements 
(Oechsner et al. , 1979, Oechsner and Stumpe , 1980). An exam-
ple for a polycrystalline Ta-surface from which a thin surface 
oxide is removed by ion bombardment is presented in Fig. l. 
Though the surface conentration of Ta is continuously increas-
ing when the oxide is removed by sputtering , the SIMS signal 
for Ta+ is drastically decreased , whereas the SNMS signal 
referring to ejected neutral Ta-atoms describes well the increase 
of the surface concentration of Ta (Oechsner and Stumpe, 1980). 
The large differences of a;t for different species , i.e. , the high 
selectivity of the SI formation process is demonstrated by the 
results in Fig . 2 (Oechsner, 1984a): Due to the high ionization 
probability for Mn in an oxygen free Cu-Ni-matrix and the low 
a;t for the ejected Cu- and Ni-atoms in this case , a Mn-impu-
rity of 70 ppm produc es an SI-peak comparable to that of the 
matrix ions Cu + and Ni+. With in-situ SNMS , on the other 
hand no Mn°-s ignal is found beside s the Cu0 - and Ni0 -signals 
for constant registration conditions. 
It is the aim of the present paper to illustrate the analytical 
progress which is obtained when sputtered neutrals rather than 
secondary ions are employed for materials analysis. After a dis-
cussion of possible postionization techniques special emphasis 
will be paid to the advantages in quantification and high resolu-
tion sputter depth profiling with SNMS. 
Postionization techniques 
Penning ionization 
One possibility for postionization of sputtered neutrals in a 
gas discharge is Penning ionization , involving a high collision 
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Fig. 1. Comparative in-situ SIMS and SNMS measurements 
of the Ta signal during the sputter removal of a monolayer 
oxide coverage from a polycrystalline Ta surface by bom-
bardment with 4 keV Ar + under 45° incidence. The simul-
taneously measured AES signal of the 510 eV O peak is also 
shown (from Oechsner and Stumpe, 1980). 
atoms of a noble gas plasma. Appropriate metastables are Ar* 
and Ne* in the 3P2,o states with a stored energy around 11.6 or 
16.6 eV, respectively . Postionization by the Penning-method has 
been used in Glow Discharge Mass Spectroscopy GDMS 
(Coburn and Kay, 1971). For analytical applications, however , 
the GDMS technique suffers from the necessity to use relative-
ly high gas pres sures up to some 10- 1 mbar in the ionizing 
plasma . Consequently , ejected particle s can be redeposited on-
to the sample surface , and new molecular spec ies are created 
by particle interactions in the discharge volume (Coburn et al. , 
1975; Harrison , 1986). Even higher discharge pressures are in-
volved in such discharges where a sample rod is used as an ac-
tive element for plasma excitation (Cantle et al., 1983). High 
detection sensitivity is obtained by using a high resolution static 
mass analyzer to get rid of the interfering background of addi-
tionally created plasma species. Magnetically supported de-
discharges in the mbar-regime were used by Cooper and co-
workers who succeeded already in the detection of sputtered 
neutral molecules like Cu2 (Woodyard and Cooper , 1964; 
Comas and Cooper , 1967). Penning ionization as well as elec-
tron impact ionization may have contributed to the postioniza-
tion of sputtered neutrals in that case. 
Electron beam postionization 
The first attempts to postionize sputtered neutral s by electron 
impact in a dense electron beam date back to about 25 years 
(Honig, 1958; Smith et. al., 1963, Kaminsky, 1966). Though 
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Fig. 2. Comparison between SIMS and SNMS for a Cu 46 
Ni 54 sample. (Normal Ar+ bombardment with the experi-
mental parameters given in the figure.) 
these studies succeeded in detecting neutral sputtered atoms from 
elemental metal samples, they revealed simultaneously the mode-
rate postionization probability obtained with transverse electron 
beams crossing the sputtered particle flux . The main reason for 
the low postionization rates is well known in the meantime: The 
energy distribution of neutral atoms sputtered via isotropic col-
lision cascades peak at half of the surface binding energy U0 
and decrease with E- 2 at higher ejection energies E (Thomp-
son, 1968; Oechsner , 1970). With U0 in the order of 5-10 eV 
the average kinetic energies are around 10-15 eV. Therefore, the 
dwelling time of sputtered atoms in an electron beam ionizer 
is by 2 orders of magnitude lower than that of the thermal par-
ticles in a residual gas analyzer. 
With regard to the advantages of the analysis of solids by sput-
tered neutrals, electron beam postionization is presently re-
employed by different groups (Gnaser et al. , 1985; Lipinsky 
et al., 1985). An example is shown in Fig. 3 (Gnaser et al., 
1985) where SNMS and SIMS results for GaAs are compared. 
Using an electron impact ionizer with a total emission current 
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of the atomic SNMS and SIMS intensities from a stainless steel 
sample sputtered with Xe+-ions of 8 keV were 0.05 for Cr, 0.17 
for Fe and 0.23 for Ni . In the arrangement of Lipinsky et al. 
(1985), a magnetically confined beam of 40-5 0 eV electrons and 
I mA was used. Here , the intensity of postionized neutrals has 
been found to be above corresponding SIMS signals when the 
SI fraction in the sputtered particle flux is below 10- 5 . Relative-
ly good detection sensitivity has been achieved by a specially 
developed ion optics. For bombardment by 3 keV Ar +-ions at 
20 µA under 54° against the target normal an Fe concentration 
of 1 at% in a metallic sample would yield an SNMS signal of 
3 · 103 cps, while the corresponding signal would be only 
around 102 cps with the apparatus of Gnaser et al. (1985), for 
the same bombarding conditions. 
From the corresponding results postionization factors a 0 in 
the order of 10- 4 to 10- 5 are estimated for the apparatus of 
Lipinsky et al. (1985), if the collection efficiency for SI also 
applies for postionized neutrals . Such numbers agree well with 
the estimate that electron beam ionization of sputtered neutral 
particles is by 2 orders of magnitude below that for thermal gas 
particles. 
Electron gas postionization 
In order to increase the postionization factor a~ to the 
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Fig. 3. Comparative electron beam SNMS and SIMS mea-
surements for a GaAs sample. Note the differences in signal 
intensities between both techniques and between Ga and As 
for SIMS (from Gnaser et al., 1985). 
at•- -values for SI-formation from oxidized surfaces , i.e., to 
values around 10- 2 , the ionizing volume has to be expanded 
and the electron density has to be increased , if possible . In order 
to meet such requirements, a different experimental approach 
for electron impact postionization by a dense and energetic elec-
tron gas was developed (Oechsner and Gerhard, 1972). 
In this method , for which the acronym SNMS was introduced 
first (Oechsner , 1975) a Maxwellian electron gas with a tempera-
ture corresponding to about 15 eV is produced by ionizing highly 
purified noble gases by an electro-dynamic resonance effect , 
the so-called Electron Cyclotron Wave Resonance (Oechsner , 
1974). For Ar at typical working pressures around several 10- 4 
12 
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Fig. 4. Absolute postionization factors a~ for Fe in electron 
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Fig. 5. Section of the SNMS spectrum of an Fe-alloy. The 
mass range covering the Ni isotopes has been recorded with 
increased sensitivity for demonstrating the detection limit 
of SNMS to be :s 1 ppm. (Direct bombardment mode with 
normally incident Ar +-ions; bombarding parameters as 
shown in the figure.) 
mbar electron densities of 1010 to 1011 cm - 3 become possible 
due to space charge compensation via the ion component of the 
resulting high density low pressure plasma . As shown by the 
example given in Fig. 4 postionization factors a~ of several 
J0- 2 are obtained for sputtered neutral particles for a traveling 
length of typically 5 cm through the ionizing volume. The simply 
shaped plasma vessel containing no excitation electrodes can 
be arranged as an internal chamber inside an UHV-system. Apart 
from its cleanliness and its simple geometry such a system 
displays further advantages: I) due to the space charge com-
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Fig. 6. Mass spectrum of neutral sputtered Ga obtained by 
multiphoton resonant laser ionization (0.5 ppm Ga in Si). 
Sputtering by a pulsed 50 µA Ar+ -beam of 0.75 µ,s on a spot 
of 2.6 X 3.3 mm under 70° against target normal; Ar+-
energies from 5 to 30 keV. Duty cycle of the MPRI system 
30 Hz. The signals refer to photo ions from 300 laser (and 
ion beam) pulses. (From P-arks et al., 1983). 
pensation no trapping of low energy postionized sputtered 
neutrals occurs as it does in the potential well of a dense elec-
tron beam; 2) no impurities from hot electron emitters are intro-
duced into the analysis system; 3) besides a conventional ion 
source plasma ions themselves can be used for sample bombard-
ment; 4) charging effects during the ion bombardment of insu-
lators can be easily compensated by electrons from the ionizer 
(Oechsner, 1984a,b). 
The results in Figs. I and 2 have been obtained with SNMS 
systems, which can be used for comparative in-situ SIMS 
measurements when the postionizing plasma is switched off. 
Another example is shown in Fig. 5 in order to demonstrate 
the high sensitivity obtained with this technique. Referring to 
the same bombarding conditions as in the work of Lipinsky et 
al. (see above) a concentration of I at% Fe would now give an 
SNMS signal around 105 cps. 
Postionization by laser beams 
The development of tunable laser s producing high density 
photon beams has supplied an appropriate tool for photoioniza-
tion of sputtered neutral particles . In principle , two different 
approaches are applied, namely Multi Photon Resonant Ioniza-
tion (MPRI) or non-resonant ionization by photon-particle inter-
actions in a dense photon gas. 
When time-of-flight mass spectrometers are employed secon-
dary ions and photo ions can be distinguished from each other 
due to their origin from different regions of an ion extraction 
field above the sample surface (Winograd et al., 1982). Of 
course, proper timing of the bombarding ion pulse and the ion-
izing laser pulse as well as the shape of such pulses is crucial. 
The useful fraction of the target particles sputtered per primary 
ion pulse is limited by several factors, namely the spatial overlap 
berween the dispersing sputtered particles and the laser beam , 
t~e number of atoms in an electronic state probed by the respec-
tive MPRI-scheme , and the corresponding cross sections for 
photo-excitation and -ionization. Using reasonable numbers for 
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a 30 Hz duty cycle with a 5 keV Ar + -pulse and a 10 mJ laser 
pulse , an MPRI-signal of 150 cps has been estimated for I ppb 
of an element of low ionization potential (Kimock et al., 1984). 
When increasing the signal-to-noise ratio by gating the ion 
detection system according to the arrival of the photoion pulses, 
using an electrostatic sector to discriminate against secondary 
ions and a magnetic sector for mass analysis of the photoions, 
atomic concentrations in the sub-ppm-range could be detected 
(Parks et al., 1983). An example is given in Fig . 6 where a con-
centration of 0.5 ppm of Ga in Si is detected in a single ion count-
ing mode . The signals refer to the total number of Ga photoions 
obtained within 300 bombarding ion and laser pulses with a duty 
cycle of30 Hz. Obviously, less than I photoion was obtained per 
pulse and per ppm , i.e. , much less than anticipated theoretically. 
Non-resonant Multi Photon Ionization of sputtered neutrals 
has been employed quite recently (Becker and Gillen , 1984 and 
1985). As all kinds of sputtered species are photoionized, a high 
resolution reflecting time-of-flight mass spectrometer has been 
used which focusses photo ions of the same mass but with differ-
ent energies by means of their different paths in the reflector. 
Discrimination against secondary ions is performed as in the 
MPRI-systems. Concentrations down to the ppm-range have been 
shown to become safely detectable with laser pulses in the order 
of IO mJ for sufficiently long collection times, e.g., I h for a 
duty cycle of 10 Hz . An important feature is the low amount 
of material of about 10- 10 g being consumed for analysis in the 
ppm-regime (Becker and Gillen, 1984). 
Quantification of SNMS 
The quantification procedure of SNMS will be discus sed in 
parti cular for the experimental technique developed by the pre-
sent author ("Electron Gas" SNMS, see Oechsner , 1986). The 
outline given here applies, however, also when other postioniza-
tion techniques are employed. 
The SNMS signal I (X0 ) of a neutral species X ejected from 
an ion bombarded surface is given by the relation: 
(I) 
with Ip being the bombarding ion current onto the sample and 
1/~ a geometry, transmission and amplification factor for X. The 
other quantities entering Eq. I have already been introduced . 
The factor (I-at -ax) takes into account , that secondary 
ions of the detected species X cannot contribute to I(X0 ). As 
already mentioned above, at and ax are in most cases much 
less than unity (see for example Werner , 1978). 
In consequence of the decoupling of the emission and the ion-
ization process of the analyzed surface particles , a~ is deter-
mined by the experimental conditions of the SNMS equipment 
via the parameters of the postionizing electron gas. Hence, the 
factor a~ for a certain species X is always a constant of the 
respective SNMS equipment. This is the most important dif-
ference with respect to SIMS. The product a~71~ from Eq. I 
can then be taken as an apparatus constant D~ representing the 
detection coefficient for X in the particular SNMS system. 
Thus , for at,- < < I Eq. I reads 
Hans Oechsner 
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For atomic sputtering of a non-elemental sample we obtain for 
sputter equilibrium (Muller and Oechsner , 1983) 
Y x = Cx Y1 01 (2) 





Making use of the relation : 
(3) 
(4) 
the atomic concentrations in the analyzed sample can be readily 
obtained from the SNMS signals by means of Eqs . 3 and 4. Ac-
cording to Eq . 3 it is sufficient to know only the relative detec-
tion coefficients which can be readily obtained from the SNMS-
signals for non-elemental samples containing elements i, j in 
well-known concentration s. The postionization factor a~, in 
principle is a convolution of the energy distribution of the post-
ionizing electrons and the ionization function of a detected 
species X which does not change very drastically from element 
to element. Consequently, the individual a~ and the 0~ are also 
not expected to vary significantly with X, in particular with 
respect to the integral form determining a~. Hence , relative 
detection factors Op/Dy should be affected even less by small 
variations of the characteristic parameters of the postionizing 
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Fig. 7. SNMS spectrum of an Fe sample containing a large 
number of other elements at very low concentrations (NBS 
standard U6la). The analysis has been performed by the 
direct bombardment mode of electron gas SNMS for nor-
mal bombardment with Ar+ ions of 1 keV. 
electron gas . Exception s may occur for light , i.e., fast particle s 
due to their short dwell time in the postionizing volume, parti -
cularly when , in addition , their ionization potential is relative-
ly high (see , for example, Ocf OFe in Table I). 
An example for an SNMS spectrum of an Fe-sample contain-
ing a large number of different elements with small concentra -
tions (NBS standard 1261a) is shown in Fig. 7. This SNMS 
analysis has been performed with the so-called direct bombard -
ment mode of SNMS, in which the noble gas ions from the post-
ionizing Ar + -plasma are used for the sample bombardment 
(see e.g., Oechsner , 1984 a ,b). As discussed below, this SNMS 
mode is also preferably employed for high resolution depth pro-
file analysis. A mass independent background of 10 cps is found 
in Fig. 7 with a noise in the order of 10 cps. The mass range 
above 100 Amu has been measured also with an improved regis-
tration kit (see inset in Fig. 7) . Then the mass independent back-
ground can be eliminated completely and the noise is reduced 
to about 1-2 cps . 
Because of the small contributions of sputtered molecules 
(JSNMS(Fe2)/JSNMS(Fe) = 10-3 e.g.), the condition of atomic 
sputtering being the prerequisite for the application of Eqs. 2 
and 3 is well fulfilled in the present case . 
The results from a corresponding evaluation are given in Table 
I. For the SNMS system emp loyed the relative detection factors 
Materials Analysis by Mass Spectrometry of Sputtered Neutrals 
Table 1 - Evaluation of SNMS System 
NBS Standard 1261A 
Mass Dpe/Dx Composition in atomic % 
Nominal by SNMS 
c12 6.82 1. 77 1. 71 
si28 0.98 4.15 x 10-l 4.05 x 10-l 
p31 1.9 2.8 X 10- 2 2.35 X 10- 2 
s32 1.44 2.47 X 10-2 2.37 X 10-2 
cr52 1.05 6.11 x 10-l 6.05 x 10-l 
Fe57 1 2.06 2 .06 
co59 1.26 3 X 10- 2 5.2 X 10-2 
Ni60 1. 77 5 x 10- 1 7 .3 X 10-l 
cu63 1.9 2.49 X 10- 2 3.13 X 10- 2 
Mo98 0.91 2.61 X 10-2 3.75 X 10-2 
Al27 4.3 X 10- 2 7.4 X 10-2 
Ti48 1. 7 X 10- 2 5.02 X 10-2 
As75 1.2 X 10- 2 1.65 X 10- 2 
se78 6.59 X 10-4 8.24 X 10-4 
zr90 2.78 X 10- 3 2.4 X 10-3 
Nb93 1.3 X 10- 2 3.3 X 10-2 
Ag107 1*) 1. 03 X 10- 4 1. 24 X 10-3 
sn118 1.1 X 10-3 4.94 X 10-3 
Sb121 1.08 X 10- 3 2 .47 X 10-3 
La139 1.6 X 10- 4 8.24 X 10-4 
ce140 4.8 X 10- 4 2 .47 X 10-3 
Ta181 6.4 X 10-3 3.3 X 10 -3 
w182 1.35 X 10- 3 8.24 X 10 -4 
*) Exact Sensitivity factors not determined 
o ie/ Dx have been available for a number of the sample com-
ponents. For these constituents the results from the SNMS 
analysis are found to agree very well with the nominal com-
position of the sample. In such cases, for which the actual sen-
sitivity factors were not yet available for the SNMS apparatus 
employed, always the same detection factor, i.e., DielDx = I 
has been assumed. Also for such a simplified evaluation, taking 
the heights of the SNMS peaks directly proportional to the indi-
vidual atomic concentrations in the sample , a surprisingly good 
agreement between the SNMS results and the nominal composi-
tion is obtained for the majority of all elements. This demon-
strates again that the detection sensitivity in SNMS does not 
vary dramatically from element to element due to the integral 
character of a~. The Ce-signal at mass 140 and the neighbour-
ing La-signal at mass 139 correspond to nominal concentrations 
of 4.8 and 1.6 ppm, respectively . The appearance of these safe-
ly detectable peaks demonstrates again the high detection sensi-
tivity of electron gas SNMS. 
This technique has been already successfully employed for 
the analysis of highly insulating samples such as ceramics 
15 
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Fig. 8. Stationary concentration microprofiles for Ta being 
induced at a Ta2Os surface under normal bombardment 
with Ar+ ions of 3 keV and 500 eV. (From Schoof, 1981). 
(Muller et al., 1985) or MgFrlayer s on glass substrates (Geiger 
et al., 1987). In such measurements , the electrons from the 
SNMS-plasma are immediately employed to compensate the 
positive charge of the bombarding ions. 
High resolution quantitative depth profiling with 
electron gas SNMS 
Apart from the quantitative correlation between the analytical 
signals and the true sample composition high depth resolution 
is the most essential requirement for the analysis of concentra-
tion depth profile s. A depth resolution as high as possible be-
comes increa singly important in view of the steadily increasing 
miniaturization in thin film device s. 
Depth resolution is very often impaired by so-called crater 
effects. Such effects may be understood to comprise disturbing 
influences from a residual curvature of the bottom of the bom-
barding crater as well as the contribution of particle s released 
from the crater walls. Furthermore, interfering effects from sput-
tering by uncontrolled neutral particles from the primary beam 
may occur. Such influences, however, can be suppressed suffi-
ciently by appropriate experimental techniques and precautions. 
(See e.g., Magee et al. , 1982). 
In addition , several other effects of physical nature have to 
be taken into account. It is well known from AES sputter depth 
profiling that sometimes drastic stoichiometry changes at or 
below the sample surface are induced by the ion bombardment 
involved in sputter depth profiling. Such effects arise from atomic 
displacement processes in the range of the sputtering cascades as 
well as from different ejection probabilities of the individual 
sample constituents . While in many cases a mean concentration 
in an "altered layer" has been derived from the variations of the 
AES signals for an ion bombarded sample (Betz , 1980), more 
recently non-monotonic concentration microprofiles have been 
determined as a realistic description of the sputter induced varia-
tions of the surface composition . 
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Fig. 9. Schematic diagram of the direct bombardment mode 
of Secondary Neutral Mass Spectrometry SNMS. The ion 
extracting system for extremely homogeneous lateral ion 
bombardment at low energies is shown schematically in an 
enlarged scale as well as a bombarding crater with an ex-
tremely flat crater bottom (note the difference between the 
units in the depth scale d and the lateral scale r) (from 
Oechsner et al., 1985). 
Examples for the stationar y microprofiles induced at the sur-
face of a Ta20 5 sample by bombardment with normally inci -
dent Ar + ions of 3 keV and 500 eV are shown in Fig. 8 
(Schoof, 1981). These results have been derived from the differ-
ent behaviour of individual Auger peaks as a function of the 
bombarding ion energy E0 . In the corresponding evaluation the 
E0 -dependence of the AES-peaks for Auger electrons with dif-
ferent energy , i.e., with a different distribution of the esca pe 
depth , have been used according to a model propo sed by Pons 
et al. (1977). 
As can be see n from the Ta-microprofiles induced at the 
Ta2O5 surface (Fig. 8) , the width of the bombardment induced 
stoichiometry changes is confined to a few atomic layers at the 
surface, when E0 is reduced . From similar measurements and 
evaluations for alloys with bombarding energies E0 ranging 
down to some 10 eV it is found that the altered concentration 
range is in the order of 2 atomic distances at the surface for 
E0 around 102 eV (Bartella and Oechsner , 1983). Then the al-
tered depth coincides with the information depth for the mass 
spectrometric techniques SNMS or SIMS, where the analyzed 
particles are also ejected practically on ly from the two outer-
most atomic layers at E0 of some 102 eV (Biersack and Eck-
stein, 1984). 
Obviously, depth resolution is determined by the information 




Fig. 10. Schematic representation of high resolution depth 
profiling by low energy SNMS. 
(or SIMS) in the present case, and by the width of the bom -
bardment induced stoichiometry changes. From the latter the 
reduction of the bombarding energy E0 is a mandatory demand 
for high depth resolution. Otherwise complicated calculations 
for the deconvolution of the bombardment induced mixing pro-
files have to be employed (Littmark and Hofer , 1984), which 
may be of limited precision for compound samples. 
In this context , the Direct Bombardment Mode (DBM) of elec-
tron gas SNMS displays rather unique properties . As shown in 
Fig. 9 in this mode positive ions from the SNMS-plasma are 
accelerated normal to the sample surface by a simple extrac-
tion optics in front of the sample. Most important for high resolu-
tion depth profiling , the sample can be bombarded with extreme-
ly high lateral homogeneity at current densitie s up to a few 
mA/cm 2. Under appropriate operation conditions of the ion ex-
tracting system the lateral deviations of the bombarding cur-
rent density are below 10- 5 across a bombarded area of several 
mm in diameter. As an experimental proof the cross sec tion of 
a bombarding cra ter with-extremely flat crater bottom produc ed 
in a Ta20 5-layer is shown in Fig. 9. As the second important 
condition, the bombarding energy can be reduced down to a 
few JO eV without any considerable reduction of the bombard -
ing current density . Hence due to the high lateral homogeneity 
of the bombarding ion current, the influence of crater effects 
and the depth of bomb ardment induced stoichiometry changes 
can be minimized at the same time . For sufficiently low E0 this 
depth can be adjusted to the information depth of SNMS. Thus , 
an experimental depth resolution in the order of 2 atomic 
distances can be established experimentally by low energy SNMS 
(see Oechsner 1984 b) . 
The situation for depth profiling under such conditions is 
schematically shown in Fig. 10. The sample is assumed to be 
peeled off successsively in steps of a width oz which corresponds 
to the absolute depth resolution for the above mentioned condi-
tions . As the ejection probability of a profiled species X is in 
genera l different from that of the surrounding matrix , the actual 
atomic co ncentration Cx of X in the oz-inter val at a depth z is 
determined by Cx(z) and a residual increment or decrement ~d 
from the preceding interval. ~cA may be assumed to be a frac-
tion k, of Cx (z - oz), i .e., 
(5) 
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Fig. 11. Results from low energy depth profiling with SNMS 
for a highly structured P profile in Si. For comparison the 
29Si peak has been recorded simultaneously. The analysis 
was performed by the direct bombardment mode of SNMS 
with normally incident Ar +- ions of 290 eV at a current 
density of 2.7 mA/cm2 . From Oechsner et al. , 1985). 
After the removal of the depth interval (z ,z + o z) a fraction 
~ ci with 
(6) 
As the particles X removed in such a sputtering step are 
detected with a constant detection coefficient , the correspond-
ing SNMS signal , integrating over all particles from a sputter 
step oz, is given by the proportionality: 
(7) 
which can be rewritten as: 





for k1 = k2 = k . 
As a reasonable value we assume k = 0.5. (Even higher values 
can be estimated from the results in Fig. 8) If further c,(z) is 
assumed to vary by one order of magnitude within 20 atomic 
distances , the correction term o c, in Eq . 8 causes a relative 
error oc,lc, = 5.10 - 2 taking oz = 2 atomic distances, i.e. , 
for a removal energy E0 around 102 eV. This error increases 
to already 0.25 for oz = 10 atomic distance s, i.e. , for bombard -
ing ion energies E0 in the order of l keV. Consequently, the 
SNMS signal for low energy depth profiling is expected to de-
scribe the true concentration profile with an accuracy of several 
percent , even for such steep slopes of c, (z) as assumed for the 
present estimation s. 
An example for low energy depth profiling with SNMS is pre-
sented in Fig . 11 (Oechsner et al. , 1985). These results refer 
Ar+ ---- WSi I Si 
X -2 
Ub= 209V; j = 2,1mA cm 
Fig. U. Low energy SNMS depth profile for W in a finely 
structured sputter deposited silicide layer (nominal composi-
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to a highly structured shallow concentration profile of P in Si, 
which has been prepared by implanting P with a relatively high 
dose of 5.1016 atoms /cm2 at an energy of 60 keV. SNMS depth 
profiling was performed under normal bombardment with Ar+ 
ions of 290 eV. During the analysis the peaks at mass 31 and 
29 in the SNMS spectrum were recorded simultaneously . A ma-
jor contribution from 30Si H can be excluded as the natural 
isotope ratios were well represented by the Si-peaks in the SNMS 
spectra . The absolute P concentration given in Fig. 10 was deter-
mined according to Eqs. 3 and 4. The sputter time axis was 
converted into a depth scale by means of the bombarding cur-
rent density of 2.7 m A/cm2 and the total Si sputtering yield 
for normal bombardment with 290 eV Ar + ions (0.33 Si 
atoms /ion). 
The characteristic structure of the P profile in Fig. II has been 
reproduced quantitatively by a series of measurements for differ-
ent samples from the same Si wafer. Even for the steepest parts 
of the profile, the relative contribution bcp/cp from the correc-
tion term in Eq. 8 is in the order of 4 % taking again k = 0.5 
and oz = 2 atomic distances. Hence, in view of the direct pro-
portionality between the SNMS signals and the actual concen-
trations in the sample, the variation of the 3l P-signal in Fig. 10 
describes the respective concentration profile with high relia-
bility. 
The quantitative character of SNMS is again demonstrated 
by the complementary behaviour of the simultaneously regis-
trated signal of the 29Si isotope . If the corresponding SNMS 
intensities are corrected for the isotope ratio, the variation of 
the Si signal reflects even in detail the behaviour of the P signal . 
This result can be considered as a strong indication that P is 
built into the Si lattice in a substitutional manner rather than 
an additional species on interstitial positions. 
The direct bombardment mode of SNMS has also been suc-
cessfully applied to the analysis of finely structured multilayer 
systems (Beckmann et al. , 1985; Oechsner et al ., 1986). An 
example is given in Fig . 12 for SNMS depth profiling of a 
W-Si2_9-layer with a total thickness of 2400 A. Thi s layer has 
been deposited by sequential sputtering of Si and W. Due to 
the high depth resolution obtained by low energy SNMS more 
than 65 oscillations of the W-signal ( or of the alternatively vary-
ing Si-signal) have been detected with a constant periodicity of 
32 A. As the modulation structure in Fig. 12 is resolved down 
to the interface between the film and the Si-substrate , the 
modulation ratio is expected to describe the intrinsic stoichio-
metry variations in the film. According to the sample stoichio-
metry the layer has been produced by alternating deposition of 
the equivalent of 3 atomic layers of W and 8- 9 atomic layers 
of Si. A complete separation of such thin sublayers is unlikely 
because of atomic roughness effects and particle mixing during 
sputter deposition. Nevertheless, the residual stoichiometry 
variations along a nearly atomic depth scale become safely detec-
table with low energy SNMS. 
Conclusions 
It has been tried to demonstrate that the recently developed 
methods employing sputtered neutrals for materials analysis 
display rather unique properties . In particular, electron gas 
SNMS as the presently most elaborated technique in this area 
has been found to demonstrate very attractive features. In com-
parison with its sister method SIMS , SNMS has been shown 
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to be almost as sensitive, however, without suffering from the 
sometimes stringent quantification problems with SIMS and 
without the necessity of oxidizing the sample to establish high 
detection sensitivities. For atomic sputtering the SNMS signals 
are always correlated with the sample composition in a simple 
and quantitative manner. 
Because of the possibility to combine high quantificability 
with sputter removal at very low bombarding energies , the direct 
bombardment mode of electron gas SNMS has , in particular , 
proved to be very suitable for the quantitative analysis of con-
centration depth profiles . As the range of sputter induced con-
centration changes can be experimentally adjusted to the small 
information depth of low energy SNMS , an absolute resolution 
of the order of 2 atomic distances becomes possible . 
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Discussion with Reviewers 
R. Levi-Setti: In SNMS, the postionization factor a~ and the 
transmission factor 1/~ will vary in opposite directions as the 
path of the neutrals through the plasma is increased . This will 
lead to an optimum thicknes s of the plasma vessel. Has this 
optimum condition been determined and how sensitive is the 
product D~ on such a thicknes s parameters ? 
Author: It has been shown experimentally that the mean free 
path for collisions between the injected surface particles and 
the gas particle s in the plasma vessel is a good approach for 
the thickness of the plasma slab. D~ displays a flat maximum 
around this value . 
